Sensorimotor gating, measured by prepulse inhibition (PPI) of the startle reflex, is reduced in schizophrenia patients and in rats treated with dopamine agonists. Strain differences in the sensitivity to the PPI-disruptive effects of dopamine agonists may provide insight into the genetic basis for human population differences in sensorimotor gating. We reported strain differences in the sensitivity to the PPI-disruptive effects of the D1/D2 agonist apomorphine in adult rats, with greater sensitivity in Harlan Sprague Dawley (SDH) versus Wistar (WH) rats. However, Kinney et al. (1999) recently reported opposite findings, using Bantin-Kingman Sprague Dawley (SDBK) and Wistar (WBK) rats; in fact, SDBK rats did not exhibit clear apomorphine-induced reductions in sensorimotor gating. These new findings of Kinney et al. (1999) directly conflict with over 15 years of results from our laboratories and challenge interpretations from a large body of literature. The present studies carefully assessed drug effects on sensorimotor gating in SD versus W strains, across rat suppliers (H vs BK). Significantly greater SDH than WH apomorphine sensitivity in PPI measures was observed in both adult and 18 d pups, confirming that these strain differences are both robust and innate. These strain differences in apomorphine sensitivity were not found in adult BK rats. Supplier differences in sensitivity (SDH Ͼ SDBK) were also evident in the PPI-disruptive effects of D1 but not D2-family agonists; PPI was clearly disrupted by quinpirole in both SDH and SDBK rats. These findings demonstrate robust, innate, neurochemically specific, and apparently heritable phenotypic differences in an animal model of sensorimotor gating deficits in human neuropsychiatric disorders.
Startle reflex magnitude is reduced when the startling stimulus is preceded ϳ100 msec by a weak prestimulus (Graham, 1975) . Prepulse inhibition (PPI) is an operational measure of sensorimotor gating that is used to study CNS mechanisms that protect the integrity of sensory and cognitive information. PPI is reduced in specific neuropsychiatric disorders characterized by deficient inhibition in sensory, motor, or cognitive domains (Braff et al., 1978 (Braff et al., , 1992 Cadenhead et al., 1993; Bolino et al., 1994; Swerdlow et al., 1995b; Castellanos et al., 1996; Kumari et al., 1999) , and animal models of impaired PPI are used to understand the neural basis for these clinical conditions (cf. Geyer and Braff, 1987; Koch and Schnitzler, 1997; Geyer, 1998, 1999) . Recent studies have focused on the genetic regulation of PPI, as a means of understanding the potential genetic contributions to deficient sensorimotor gating in schizophrenia and other disorders (Ellenbroek et al., 1995; Bullock et al., 1997; Cadenhead et al., 1998) . That such a complex phenotype might have an identifiable genetic basis is supported by findings that PPI is profoundly reduced or eliminated in humans with an autosomal-dominant genetic disorder-Huntington's disease (HD) (Swerdlow et al., 1995b )-and in mice transgenic for the HD gene (Carter et al., 1999) .
In rats, strain and substrain differences have been reported in both basal levels of PPI and in the sensitivity to the PPI-disruptive effects of specific drugs. For example, PPI is reduced or eliminated by the direct dopamine (DA) agonist apomorphine, but the sensitivity to this effect varies greatly across strains and within strains across rat suppliers (Rigdon, 1990) . We recently reported greater sensitivity to the PPI-disruptive effects of apomorphine in adult Sprague Dawley (SD) versus Wistar (W) rats (Harlan Laboratories, USA; SDH vs WH, respectively) . However, in a recent report in this journal, Kinney et al. (1999) identified the opposite pattern of strain sensitivity (W Ͼ SD) in rats from Bantin-Kingman (BK; Hull, UK) and failed to detect any apomorphine-induced reduction of PPI in SDBK rats. This new report by Kinney et al. (1999) could be viewed as a failure to replicate over 15 years of studies from our laboratory and other groups, which might fundamentally challenge the interpretation of findings from dozens of scientific reports. Alternatively, these different findings may reflect the fact that subtle genetic differences between supplier substrains impact on substrates responsible for the DAergic regulation of PPI; in this case, such differences might be targets of investigation for understanding the genetic regulation of this complex phenotype. Strain and supplier differences among outbred SD and W rats are found in processes that span numerous domains of neurobiological function (Luedtke et al., 1992; Oliff et al., 1996 Oliff et al., , 1997 Loscher et al., 1998; Gleason et al., 1999; Turnbull and Rivier, 1999) .
The present investigation was designed to accomplish the following five goals: (1) to assess the reliability of SDH versus WH differences in sensitivity to the PPI-disruptive effects of apomor-phine; (2) to determine whether these strain differences are "innate" versus "acquired," by studying SDH and WH rats at the earliest possible developmental time point, after rearing SDH and WH pups under identical conditions; (3) to assess the dopaminergic substrates of this strain difference; (4) to assess under these same testing conditions the reliability of the lack of SDBK versus WBK strain differences in this critical measure, as reported by Kinney et al. (1999) ; and (5) to begin to understand the neurochemical basis for supplier-based differences in this complex phenotype. The overarching goal was to guide future studies of the genetic basis of a complex phenotype with face, predictive, and construct validity for the loss of sensorimotor gating in schizophrenia (Swerdlow et al., 1994a) .
MATERIALS AND METHODS
E xperimental animals. A total of 30 SDH rat pups and 29 W H pups (pup weights, 29 -45 gm) and 57 adult male SDH rats, 57 adult male W H rats, 64 adult male SDBK rats, and 64 adult male W BK rats (adult weights, 250 -325 gm) were used in these experiments. Studies in adults were limited to male rats, on the basis of findings of the estrous cyclicity of the PPI-disruptive effects of apomorphine in adult female rats (Koch, 1998) . To match closely the rearing environments of SDH and W H pups, we housed timed pregnant female SDH and W H rats individually and housed pups with their mothers until 5-7 d after birth; at that time rat pups were sexed and redistributed so that each litter was approximately the same size and contained an equal number of male and female pups. Aside from the strain of the nursing female rat, rearing conditions for SDH and W H pups were identical; SDH and W H pups were raised in the same room, on the same cage rack. Adult male rats were housed in same-sex rooms, in groups of two or three. Methods for housing and all behavioral testing were consistent with the substantial literature of startle measures in rodents (cf. Geyer and Swerdlow, 1998) . For example, a reversed 12 hr light /dark cycle was used (lights on at 19:00 hr and off at 07:00 hr) for at least 1 week before testing. After arrival from the United K ingdom, BK rats were maintained in the housing facility for at least 2 weeks before behavioral testing. Although K inney et al. (1999) reported housing lights on at 08:00 hr, the circadian phase in which testing occurred was not clear; in the present study, all testing and drug administration occurred between 10:00 and 17:00 hr. Weiss et al. (1999) recently reported that circadian time does not modif y either PPI or its disruption by apomorphine. Rats were handled regularly before any procedures to minimize stress during behavioral testing and were given access to food and water ad libitum except during behavioral testing. Throughout these studies, all efforts were made to minimize animal suffering and to reduce the number of animals used. All experiments conform to guidelines of the National Institutes of Health for the use of animals in biomedical research and were approved by the Animal Subjects Committee at the University of C alifornia, San Diego (protocol 0224907).
Drugs. Apomorphine (0.1% ascorbate/saline vehicle; 0.1, 0.25, or 0.5 mg / kg), quinpirole (saline vehicle; 0.1, 0.2, and 0.5 mg / kg), and SK F 82958 (saline vehicle; 0.1, 1.0, and 5.0 mg / kg) were administered subcutaneously to rats immediately before testing (apomorphine) or 10 min before testing (quinpirole and SK F 82958), in a volume of 1 ml / kg.
Apparatus. Startle experiments used four startle chambers (SR-L AB; San Diego Instruments, San Diego, CA) housed in a sound-attenuated room with a 60 dB ambient noise level. Each startle chamber consisted of a Plexiglas cylinder (8.7 cm internal diameter for adults; 3.75 cm internal diameter for pups) resting on a 12.5 ϫ 25.5 cm Plexiglas stand. Acoustic stimuli and background noise were presented via a Radioshack Supertweeter mounted 24 cm above the Plexiglas cylinder. Startle magnitude was detected and recorded as transduced cylinder movement via a piezoelectric device mounted below the Plexiglas stand. Response sensitivities were calibrated (SR-L AB Startle C alibration System) to be nearly identical in each of the four startle chambers (maximum variability Ͻ 1% of stimulus range and Ͻ 5% of response ranges). Response sensitivities were calibrated for adult and pup chambers separately and recalibrated each time the chambers were changed, always within the Ͻ 5% response range. Chambers were also balanced across all experimental groups. Sound levels were measured and calibrated with a sound level meter (Quest Electronics, Oconomowoc, W I), A scale (relative to 20 N/m 2 ), with a microphone placed inside the Plexiglas cylinder. Methodological details can be found in published material . Startle testing procedures. In our testing apparatus, reliable measures of startle could first be obtained in pups at 14 d of age. At 14 d of age, different groups of rat pups were exposed to a brief "matching" startle session, as reported previously . Rat pups were placed in a startle chamber and exposed to 5 min of 70 dB background noise followed by 17 PUL SE trials of 40 msec, 120 dB noise bursts and 5 PREPUL SE ϩ PUL SE trials consisting of a 20 msec, 82 dB (12 dB above background) prepulse followed after 100 msec by a 120 dB pulse (onset to onset). Adult rats were exposed to this matching session 3-7 d before testing. Data from this session were used to assign rat pups and adults to balanced dose groups according to their average PUL SE startle magnitude.
Behavioral testing continued 4 d after the matching session for pups and 2-4 d after the matching session for adults. Eighteen-day-old rat pups were brought to the laboratory in their home cages with their mothers to minimize stress before and after testing. Adult rats were brought to the laboratory in individual cages. In most cases, test sessions were ϳ16 min long and consisted of 5 min of 70 dB background followed by five trial types: PUL SE noise bursts, PREPUL SE trials (20 msec noise bursts 5, 10, or 15 dB above background followed after 100 msec by a PUL SE), and NOSTIM trials (stabilimeter recordings obtained when no stimulus was presented). The session consisted of initial and final blocks of 4 PUL SE trials, separated by two blocks that included 8 PUL SE trials and 15 PREPUL SE trials (the latter divided equally among 5, 10, and 15 dB prepulse intensities); NOSTIM trials were interspersed between startle trials. For these NOSTIM trials, stabilimeter readings were recorded during periods in which no stimulus was presented; these trials were used to assess gross motor activity during the test session but were not included in the calculation of intertrial intervals, which were variable and averaged 15 sec. Reflex "habituation" was determined on the basis of the change in startle magnitude from the initial to the final block of PUL SE trials. By the use of this design, PPI is measured during a portion of the session in which startle magnitude is relatively constant. In specific cases, modified stimulus parameters were used to test specific hypotheses, as described below.
Locomotor testing procedures. In one experiment, locomotor activity was assessed to examine possible strain differences in the dopaminergic regulation of behaviors other than startle and PPI. Horizontal locomotion was assessed using wire-mesh photocell cages (22 ϫ 35 ϫ 15 cm) fitted with two parallel infrared beams 1 cm above the floor, perpendicular to the long axis of the cage. Consecutive interruption of the two beams was counted as a crossover. Ten identical cages were monitored simultaneously by computer, and the total number of beam breaks and cage crossovers was calculated for each 10 min interval. Animals were familiarized with the cages for 180 min 2-4 d before testing. On testing days, animals were returned to these cages immediately after startle testing, and locomotor activity was monitored for 90 min.
Data anal ysis. PPI was calculated as a percent reduction in startle magnitude on PREPUL SE trials compared with PUL SE trials. Any drug effects on the percent PPI prompted separate analyses to assess the relationship of these effects to drug-induced changes in startle magnitude on PUL SE and PREPUL SE trials. An important issue raised by K inney et al. (1999) and in many previous reports (Mansbach et al., 1988; Davis et al., 1990; Swerdlow and Geyer, 1993) relates to the fact that druginduced changes in startle magnitude -independent of prepulse effects-can change the amount of percent PPI. Unequivocal changes in sensorimotor gating occur when the reflex-inhibiting effects of prepulses are modified, independent of changes in the startle magnitude on PUL SE trials. Thus, for each strain and supplier, data were assessed to determine whether drug-induced changes in the calculated amount of percent PPI reflected actual changes in sensorimotor gating per se.
All startle data were analyzed using an ANOVA with drug treatment (and for pups, sex) as between-subject factors and trial block and trial type as within-subject repeated measures. L ocomotor data (both beam breaks and crossovers) were analyzed by ANOVA with drug treatment and strain as between-subject factors and time interval as a withinsubject factor. Because analyses of total beam breaks and crossovers yielded identical findings, only crossovers are reported. For analysis of developmental effects on PPI, age (pup vs adult) was a between-group factor. However, because of the obvious (fivefold) differences in recorded startle magnitude between pups and adults, measures involving reflex or motor force (startle magnitude, habituation, and NOSTIM activity) were not combined across age groups. For other comparisons, strains (SD vs W) or suppliers (H vs BK) were used as between-group factors. These studies were designed to assess relatively subtle differences in drug sensitivity across a number of variables (age, strain, supplier, sex, etc.); in an attempt to limit the number of redundant comparison groups and thus the total number of animals used in these studies, and in keeping with the guidelines of the National Institutes of Health, in some cases, the same groups of rats (e.g., H-derived adults) were used in comparisons of both developmental factors (vs H-derived pups), strain differences (SDH vs W H adults), and supplier differences (H vs BK adults). Post hoc comparisons of significant interaction effects and relevant main factor effects were conducted using the T ukey-Kramer and one-factor ANOVA tests. ␣ was set at 0.05. For ease of presentation, unless otherwise stated, several normal parametric effects can be assumed to be statistically significant in all startle analyses: effects of trial block on startle magnitude and effect of prepulse intensity on prepulse inhibition. Also, unless otherwise stated, reported values of the mean percent PPI can be assumed to be collapsed across all prepulse intensities and trial blocks. In most instances, only statistically significant effects, or those relevant to the critical comparisons, will be reported in detail.
RESULTS
The major dependent measure of these studies was PPI; all findings with this measure, in addition to startle magnitude, and the implications of these results in terms of changes in sensorimotor gating are summarized in the text and in Table 1 . Additional behavioral measures are also reported, because they may influence the interpretation of PPI results.
PPI: SDH versus WH strain differences in pups and adults
As reported previously , apomorphine significantly reduced PPI in 18-d-old pups; this effect was significant in SDH but not WH pups (Fig. 1 A) . ANOVA revealed a significant effect of strain (F ϭ 9.06; df, 1,43; p Ͻ 0.005) and apomorphine (F ϭ 9.85; df, 3,43; p Ͻ 0.001) and a significant strain ϫ apomorphine interaction (F ϭ 3.44; df, 3,43; p Ͻ 0.025). Basal (vehicle) levels of PPI did not differ significantly between SDH and WH rats. There were no significant effects of sex or interactions of sex with any combination of variables. Post hoc ANOVAs revealed no significant effect of apomorphine in WH rats (F ϭ 2.16; df, 3,21; NS), with no significant interactions, whereas in SDH rats, there was a significant effect of apomorphine (F ϭ 10.12; df, 3,22; p Ͻ 0.0003), with no significant interactions. Tukey tests revealed significantly reduced PPI in SDH rats treated with 0.1, 0.25, or 0.5 mg/kg doses of apomorphine ( p Ͻ 0.05, all comparisons). Although the ANOVA in WH rats revealed no significant main effect of apomorphine, a onefactor ANOVA in WH pups revealed that PPI was reduced significantly by the lowest dose of apomorphine (0.1 mg/kg; F ϭ 5.66; df, 1,10; p Ͻ 0.04) but not by higher doses of apomorphine. The different dose sensitivities across strains were revealed by significantly lower PPI in SDH versus WH rats treated with the highest dose (0.5 mg/kg) of apomorphine (F ϭ 17.10; df, 1,12; p Ͻ 0.002) and by a trend toward this effect for the middle dose (0.25 mg/kg) of apomorphine (F ϭ 3.75; df, 1,10; p Ͻ 0.085), despite the bias against detecting such a difference based on slightly lower baseline (vehicle) PPI levels in WH versus SDH pups [mean (SEM) %PPI, WH ϭ 28.96 (4.44) vs SDH ϭ 33.38 (5.51)].
Inspection of the raw data ( Fig. 2 A,B) confirmed that these effects of apomorphine in SDH pups clearly reflected a disruption of sensorimotor gating, i.e., the effectiveness of the prepulse in reducing startle magnitude. For example, in comparison with SDH pups treated with vehicle, startle magnitude for PULSE trials in SDH pups treated with apomorphine (0.5 mg/kg) was nonsignificantly reduced [mean (SEM) ϭ 67.99 (15.42) vs 61.52 (9.32), respectively], whereas startle magnitude on 15 dB PRE-PULSE trials was significantly increased [29.81 (7.80) Kinney et al. (1999) in WBK adults, and apomorphine effects in WH pups resembled those reported by Kinney et al. in SDBK adults [see Kinney et al. (1999) Importantly, although analysis of the percent PPI suggests that both SDH and WH pups were sensitive to the PPI-disruptive effects of the lowest dose of apomorphine (0.1 mg/kg), analysis of raw data revealed significant strain differences even at this dose. The lowest dose of apomorphine resulted in a significant increase in startle magnitude on PREPULSE trials in SDH rats [mean (SEM) vehicle vs apomorphine ϭ 42.64 (4.71) vs 89.86 (5.93), respectively] but not in WH rats [mean (SEM) vehicle vs apomorphine ϭ 37.27 (2.55) vs 36.22 (3.37), respectively] (significant strain ϫ apomorphine interaction, F ϭ 9.30; df, 1,21; p Ͻ 0.005). Thus, this dose of apomorphine disrupted the startle-inhibiting effects of prepulses in SDH but not WH pups. The calculated reduction in the percent PPI in WH rats at this low dose of apomorphine actually reflected a nonsignificant reduction in startle magnitude on PULSE trials [mean (SEM) vehicle vs apomorphine ϭ 53.08 (3.07) vs 40.59 (4.60), respectively] rather than a change in startle magnitude on PREPULSE trials. In other words, rather than reflecting an unequivocal disruption of sensorimotor gating, the apparent sensitivity of WH rats to the PPI- disruptive effects of the lowest dose of apomorphine reflected the selective startle magnitude-reducing effects of this dose of apomorphine on PULSE trials (see Discussion).
To examine the developmental course of this strain difference in PPI, ANOVAs were performed with both pups and adult rats. Because of the lack of main or interaction effects of sex on PPI measures in pups, data were collapsed across this variable for pups. Separate analyses, which included only male pups and adults, yielded identical outcomes but are not reported for clarity of presentation. ANOVA revealed significant effects of age (F ϭ 48.57), apomorphine dose (F ϭ 26.14), and rat strain (F ϭ 5.40; df, 1,93; p Ͻ 0.025). There was a significant dose ϫ strain interaction (F ϭ 5.57; df, 3,93; p Ͻ 0.002) but no other significant interactions. In particular, there was no tendency toward a significant interaction of age ϫ strain ϫ dose (F Ͻ 1), confirming that the strain difference in apomorphine sensitivity was independent of the age of the rats. There were no other significant interactions of rat strain with other PPI variables, in any combination. Post hoc adults (B, C) . SDH rats were more sensitive to the PPI-disruptive effects of apomorphine, compared with WH rats, and this phenotypic difference was evident in both pups and adults. SDH rats were also more sensitive to the PPIdisruptive effects of apomorphine, compared with SDBK rats. *p Ͻ 0.05, post hoc Tukey comparison after a significant strain ϫ dose interaction for SDH versus WH pups and adults and after a significant main effect of strain in SDH versus SDBK adults. Compared with SDBK rats, WBK rats exhibited relative reduced basal levels of PPI (ϩ; C); this reflected a relative insensitivity to prepulse effects in WBK rats, which could be overcome (#) via modifications of stimulus parameters ( C).
Figure 2. Startle magnitude on PULSE and PREPULSE trials in SDH ( A) and WH (B) pups, SDH ( C) and WH ( D) adults, and SDBK ( E)
and WBK ( F) adults. These raw data correspond to the transformed percent PPI data seen in Figure 1 . An unequivocal loss of sensorimotor gating after apomorphine, demonstrated by a reduction in the startle-inhibiting effects of prepulses distinguished from changes in PULSE magnitude, was evident in some groups (SDH pups and adults, WBK adults) but not in others (SDBK adults). See Results for detailed descriptions.
comparisons revealed an overall pattern of findings that was essentially identical to that detected in pups alone: PPI was diminished in a dose-dependent manner in SDH rats but reached a "plateau" in WH rats at the lowest dose tested (0.1 mg/kg); significant SDH Ͻ WH PPI levels were evident at the 0.25 and 0.5 mg/kg doses ( p Ͻ 0.05, both comparisons) (Fig. 1 B) . As with pups alone, analyses of raw data across age groups and in adults alone confirmed that the apparent sensitivity of WH rats to the lowest dose of apomorphine (0.1 mg/kg) reflected the selective reduction in PULSE startle magnitude in these rats, whereas the effects of this dose of apomorphine in SDH rats reflected an actual loss of inhibitory effectiveness of prepulses on PULSE trials (Fig. 2C,D) .
To understand the relative contribution of D1 versus D2 receptor stimulation to the strain differences in sensitivity to the mixed D1 and D2 agonist apomorphine, we tested drug-naive adult SDH and WH rats after treatment with the full D1 agonist SKF 82958 (0 -5.0 mg/kg) or the selective D2-family agonist quinpirole (0 -0.5 mg/kg). Rats were tested twice, at a 1 week interval. During each week, 16 rats from each strain were tested with one of four doses of either SKF 82958 or quinpirole, with drug order (SKF 82958 vs quinpirole) balanced across test weeks and dose groups randomized across weeks, resulting in 32 rats tested with each drug. For SKF 82958 (Fig. 3) , ANOVA of PPI revealed a significant effect of SKF 82958 dose (F ϭ 4.42; df, 3,59; p Ͻ 0.008) and a significant strain ϫ dose ϫ block interaction. Examination of the data revealed simple monotonic PPI-reducing effects of SKF 82958 in SDH rats (F ϭ 6.39; df, 3,30; p Ͻ 0.002) but no significant effect of SKF 82958 on PPI in WH rats (F ϭ 1.30; df, 3,29; NS) (Fig. 3A) .
Inspection of the raw data revealed no unambiguous impact of SKF 82958 on sensorimotor gating per se in either SDH or WH rats; changes in startle magnitude on PREPULSE trials generally paralleled drug-induced changes in startle magnitude on PULSE trials. Supporting a gating-disruptive effect in SDH rats was the fact that PPI diminished with increasing doses of SKF 82958, independent of fluctuations in PULSE magnitude (Fig. 3B, top) ; in fact, the average reflex magnitude on PREPULSE trials increased in SDH rats treated with 1.0 or 5.0 mg/kg SKF 82958 [mean (SEM) vehicle ϭ 61.02 (9.14); 1.0 mg/kg ϭ 72.08 (7.20); 5.0 mg/kg ϭ 83.08 (8.95)], whereas the reflex magnitude on PULSE trials decreased over this dose range [mean (SEM) vehicle ϭ 236.4 (42.5); 1.0 mg/kg ϭ 221.7 (36.9); 5.0 mg/kg ϭ 172.7 (21.2)]. In WH rats, reduced PPI was evident only in conjunction with significant increases in PULSE magnitude (Fig. 3B, middle) . It is important to note that although SKF 82958 had no obvious adverse effects on SDH rats, three WH rats responded to SKF 82958 with extreme behavioral excitation (paw treading, hyperactivity, intense high-pitched vocalizations, and some seizure-like activity; high dose, n ϭ 2; middle dose, n ϭ 1) and were eliminated from analyses; one of these rats died within hours of testing.
For quinpirole (Fig. 4) , ANOVA of PPI revealed a significant effect of quinpirole dose (F ϭ 7.50; df, 3,59; p Ͻ 0.002) but no two-or three-way interactions involving strain and quinpirole dose (Fig. 4 A) . Thus, SDH and WH rats appeared to be approximately equally sensitive to the PPI-disruptive effects of quinpirole (this effect was significant for 0.2 and 0.5 mg/kg quinpirole in SDH rats and for 0.2 mg/kg quinpirole in WH rats). However, inspection of the raw data (Fig. 4 B) revealed that this quinpiroleinduced disruption of PPI in SDH rats reflected an unequivocal loss of sensorimotor gating (i.e., reduced startle-inhibiting effectiveness of the prepulse) (Fig. 4 B, top) , whereas in WH rats, quinpirole resulted in a dose-dependent reduction in startle magnitude on PULSE trials but had no effect on startle magnitude on PREPULSE trials [for example, at the 0.2 mg/kg dose, which significantly reduced the percent PPI, mean (SEM) startle magnitude was 94.6 (10.5) vs 292.6 (69.0) for vehicle-treated rats] (Fig.  4 B, middle) .
To understand further the basis of strain differences in the dopaminergic regulation of PPI and other behaviors, we tested adult SDH and WH rats (n ϭ 50) that had been studied in measures of apomorphine sensitivity again 2 weeks later, after treatment with saline or D-amphetamine (0.5, 1.0, 2.0, or 4.0 mg/kg; n ϭ 4 -6 per strain per dose; apomorphine dose history randomized across groups) (Fig. 5 ). Startle testing was followed by locomotor activity measures for 90 min. Despite strain differences in sensitivity to the PPI-disruptive effects of direct DA receptor stimulation, no such differences were evident in the sensitivity to the PPI-disruptive effects of the indirect DA agonist amphetamine (Fig. 5A ). ANOVA revealed a marginal main effect of amphetamine dose (F ϭ 2.60; df, 4,40; p ϭ 0.051), no significant effect of strain, and no significant strain ϫ dose interaction (F Ͻ 1, both comparisons). There was a significant effect of prepulse intensity but no other main or interaction effects. Comparison with saline-treated rats revealed a significant reduction in PPI in rats treated with 4.0 mg/kg amphetamine (F ϭ 12.01; df, 1,18; p Ͻ 0.003), with no significant effect of strain or dose ϫ strain interaction (F Ͻ 1, both comparisons).
Rats were moved directly from the startle boxes to photocell activity monitors (Fig. 5B) . ANOVA of photocell crossovers revealed a significant effect of amphetamine dose (F ϭ 12.59; df, 4,40; p Ͻ 0.0001) and strain (F ϭ 11.94; df, 1,40; p Ͻ 0.002) but no significant dose ϫ strain interaction. There was a significant effect of time interval and dose ϫ interval interaction but no other significant two-or three-way interactions. Inspection of the data revealed (1) the expected "inverted-U" dose-response effects of amphetamine, reflecting the tendency of higher doses of amphetamine to produce focused stereotyped behaviors, accompanied by lower crossover counts; 2) the tendency of SDH and WH rats to exhibit maximal locomotor activity at 1.0 and 2.0 mg/kg, respectively; and 3) that the significant effect of strain by ANOVA was entirely a reflection of greater WH versus SDH locomotor activity for locomotor-stimulating doses of amphetamine (e.g., 0.5, 1.0, and 2.0 mg/kg; effect of strain for these doses, F ϭ 10.48; df, 1,22; p Ͻ 0.004), rather than differences in baseline (saline) or high-dose amphetamine (4.0 mg/kg) levels of locomotor activity (F Ͻ 1, both comparisons). Results were similar whether data were limited to the initial 10 -30 min after startle testing or whether beam breaks rather than crossovers were analyzed.
PPI: SDBK versus WBK strain differences in adults
This study was designed to determine whether the findings of Kinney et al. (1999) could be reproduced in our facility. ANOVA revealed significant effects of strain (F ϭ 55.17; df, 1,55; p Ͻ 0.0001) and apomorphine (F ϭ 15.07; df, 1,55; p Ͻ 0.0001) and a trend toward a strain ϫ apomorphine interaction (F ϭ 2.38; df, 3,55; p Ͻ 0.08). There was a significant effect of prepulse intensity and a significant trial block ϫ apomorphine interaction but no other significant main or interaction effects. Inspection of the data (Fig. 1C ) revealed more pronounced SDBK than WBK PPI levels in vehicle-treated rats, indicating strain differences in the amount of "baseline" PPI, independent of PPI drug sensitivity.
Inspection of startle magnitude on PULSE and PREPULSE trials (Fig. 2 E,F ) revealed findings similar to those reported by and locomotor activity ( B) in SDH and WH rats. Both strains were equally sensitive to the dose-dependent PPI-disruptive effects of amphetamine. Compared with SDH rats, WH rats exhibited more robust locomotor activation after amphetamine, evident at doses that did not produce focused stereotyped behaviors (0.5-2.0 mg/kg). Kinney et al. (1999; see their Figs. 1, 2, p 5646 ). Apomorphine caused a monotonic dose-dependent increase in startle magnitude on both PULSE and PREPULSE trials in SDBK rats. Although proportionately larger apomorphine-induced increases in startle magnitude were observed on PREPULSE versus PULSE trials in SDBK rats, it would be difficult to argue that these effects reflected a simple disruption of sensorimotor gating per se. In contrast, and consistent with the finding of Kinney et al. (1999) , the disruption of PPI in WBK rats reflected a reduction in the effectiveness of the prepulse to inhibit startle, rather than a generalized increase in startle magnitude across all trial types.
PPI: H versus BK supplier differences in adults
Comparison of WH versus WBK rats (Fig. 1 B,C) revealed significant effects of supplier (F ϭ 22.35; df, 1,48; p Ͻ 0.0001) and apomorphine (F ϭ 11.86; df, 3,48; p Ͻ 0.0001) but no significant supplier ϫ apomorphine interaction (F Ͻ 1). There was a significant effect of prepulse intensity but no other significant main or interaction effects. Inspection of the data revealed that the significant supplier difference reflected greater WH than WBK levels of PPI at both vehicle and active doses of apomorphine. Thus, these data suggest supplier-based differences in basal PPI levels, rather than apomorphine sensitivity, per se. As noted above, analyses of raw startle magnitudes revealed that these effects of apomorphine on PPI in WBK rats reflected an actual disruption of sensorimotor gating, whereas apomorphine effects on PPI in WH rats appeared to reflect a more complex interaction of drug effects on baseline startle magnitude.
To determine whether the relatively reduced levels of PPI in WBK rats reflected an absolute limitation of this substrain, versus a differential sensitivity to particular stimulus parameters, a second study was performed in drug-naive WBK rats. Startle and PPI were assessed in WBK rats in a session with stimuli designed to elicit maximal PPI levels [only 15 dB prepulse stimuli] and relatively lower startle magnitudes [105 in addition to 120 dB pulse intensities]. As seen in Figure 1C , by the use of these stimulus parameters, PPI levels in WBK approximated those exhibited by WH rats; for example, the mean (SEM) PPI was 58.47 (6.44) for 105 dB startle stimuli (greater than the mean PPI level reported above for WBK rats tested with the "standard" startle session [36.36 (3.13) ] but comparable with the mean PPI level that was exhibited by WH rats in that session [59.75 (3.55)]). ANOVA revealed significant effects of apomorphine (F ϭ 3.95; df, 3,28; p Ͻ 0.02), with no other significant main or interaction effects. Post hoc Tukey comparisons revealed that PPI was significantly reduced by 0.25 and 0.5 mg/kg doses of apomorphine ( p Ͻ 0.05, both comparisons). Thus, supplier differences resulting in greater WH than WBK levels of PPI reflected a relatively reduced sensitivity to specific stimulus features in WBK rats, rather than an absolute limitation in their ability to manifest PPI.
Comparison of SDH versus SDBK rats ( Fig. 1 B,C ) revealed significant effects of supplier (F ϭ 6.86; df, 1,49; p Ͻ 0.015) and apomorphine (F ϭ 23.14; df, 3,49; p Ͻ 0.0001) but no significant supplier ϫ apomorphine interaction (F ϭ 2.04; df, 3,49; NS). There was a significant effect of prepulse intensity, and interactions of apomorphine ϫ intensity and apomorphine ϫ intensity ϫ block, but no other significant main or interaction effects. Inspection of the data revealed that the significant supplier difference was entirely a reflection of relatively lower PPI levels in SDH versus SDBK rats at the 0.25 mg/kg (F ϭ 8.25; df, 1,12; p Ͻ 0.015) and 0.5 mg/kg (F ϭ 4.80; df, 1,13; p Ͻ 0.05) doses of apomorphine, with nearly equal levels of PPI across suppliers at the vehicle [mean %PPI (SEM), SDH ϭ 67.9 (2.59); SDBK ϭ 71.69 (4.05)] and 0.1 mg/kg [mean %PPI (SEM), SDH ϭ 44.17 (4.54); SDBK ϭ 42.92 (4.16)] doses. As noted above, analyses of raw startle magnitudes revealed that these effects of apomorphine on PPI in SDH rats reflected an actual disruption of sensorimotor gating (Fig. 2C) , whereas apomorphine effects on PPI in SDBK rats appeared to reflect a more complex interaction of drug effects on baseline startle magnitude (Fig. 2 E) .
In addition to strain differences in PPI apomorphine sensitivity (SDH Ͼ WH and WBK Ͼ SDBK), these findings thus suggest supplier-based differences in apomorphine sensitivity among SD rats (SDH Ͼ SDBK). To explore the neurochemical basis of this supplier difference, we tested drug-naive SDBK rats as described above for WH and SDH rats, with the full D1 agonist SKF 82958 (Fig. 3) and the D2-family-selective agonist quinpirole (Fig. 4) .
As noted above in comparisons of SDH versus WH rats, SDH rats exhibited a significant dose-dependent disruption of PPI after treatment with either SKF 82958 or quinpirole. For SD rats, ANOVA comparing sensitivity to SKF 82958 across suppliers (H vs BK) revealed significant effects of supplier (F ϭ 7.52; df, 1,56; p Ͻ 0.009) and SKF 82958 (F ϭ 5.22; df, 1,56; p Ͻ 0.004) but no supplier ϫ SKF 82958 interaction (F ϭ 1.22; df, 3,56; NS) (Fig.  3A ). There was a significant effect of prepulse intensity but no other significant main or interaction effects. Examination of the results revealed that the main effect of supplier could not be accounted for by differences in PPI in rats treated with vehicle [mean %PPI (SEM), SDH ϭ 78.69 (1.86); SDBK ϭ 78.06 (2.34)] but rather reflected lower PPI levels in SDH versus SDBK rats treated with active doses of SKF 82958 (F ϭ 8.46; df, 1,41; p Ͻ 0.006 across active doses). Consistent with this, although SKF 82958 significantly reduced PPI in SDH rats (reported above; p Ͻ 0.002), there was no significant effect of this drug on PPI in SDBK rats (F Ͻ 1) (Fig. 3A) . Thus, SDH rats were sensitive to the PPI-disruptive effects of the full D1 agonist, whereas SDBK rats were not. Interestingly, SDBK rats exhibited a sensitivity to the adverse effects of SKF 82958 that appeared very similar to what was exhibited by WH rats, with seizure-like activity and intense, high-pitched vocalizations after the high dose in three rats, who were subsequently removed from analyses, one of whom died shortly after testing.
SD rats from both suppliers were sensitive to the PPI-disruptive effects of the D2-family agonist quinpirole (Fig. 4) . ANOVA revealed a significant effect of quinpirole dose (F ϭ 21.06; df, 3,58; p Ͻ 0.0001), no significant effect of supplier (F Ͻ 1), and no significant supplier ϫ quinpirole interaction (F ϭ 1.43; df, 3,58; NS). In addition to a significant effect of prepulse intensity, ANOVA also revealed significant interactions of quinpirole ϫ intensity, trial block ϫ intensity, supplier ϫ trial block ϫ intensity, and quinpirole ϫ trial block ϫ intensity, although there were no interactions that included both supplier and quinpirole factors. These complex interactions reflected the greater impact of quinpirole on PPI elicited by a weak prepulse (5 dB) early in the test session (block 1), as we have reported previously (Wan and Swerdlow, 1993) . ANOVA of PPI limited to trial block 1 confirmed the relevant effects described above: a significant effect of quinpirole but no significant effect of supplier or interactions of quinpirole ϫ supplier alone or in combination with any other variable. Separate ANOVAs in SDH and SDBK rats each verified significant effects of quinpirole on PPI ( p Ͻ 0.01, both comparisons). The magnitude of PPI-disruptive effects of this selective D2 agonist in SDBK rats (Fig. 4 A, right) was essentially identical to the effects of those of the mixed D1 and D2 agonist apomor-phine (Fig. 1) , suggesting that the addition of D1 agonist properties added little "impact" to the PPI-disruptive effects of apomorphine in SDBK rats; this contrasts with the effects of quinpirole on PPI in SDH rats, which had much less of an impact on PPI compared with the mixed D1 and D2 agonist apomorphine in these rats.
Because the studies above were not able to demonstrate clearly that apomorphine-induced disruptions of PPI in SDBK rats did not simply reflect drug-induced increases in startle magnitude, rather than reduced sensorimotor gating per se, we examined both PPI and raw startle magnitude scores on PULSE and PRE-PULSE trials in quinpirole-treated SDBK rats. In sharp contrast to the effects observed with apomorphine in the present studies (above) and in studies by Kinney et al. (1999) , quinpirole clearly decreased sensorimotor gating in SDBK rats, independent of changes in startle magnitude on PULSE trials (Fig. 4 B, bottom) . Thus, although quinpirole resulted in a weak inverted-U pattern of changes in PULSE startle magnitude, startle magnitude on PREPULSE trials was significantly increased by quinpirole at doses that slightly increased (0.1 or 0.25 mg/kg) or decreased (0.5 mg/kg) PULSE startle magnitude. Interestingly, under these conditions of selective D2 receptor stimulation, the "profile" of quinpirole effects on startle scores across trial types in SDBK rats closely resembled the profile produced by apomorphine in WBK rats (Figs. 4 B, bottom, vs 2 F) .
Startle magnitude in SDH and WH pups and adults
Startle magnitude on PULSE trials was analyzed in session blocks 2 and 3, which also contained mixed PREPULSE trials used in the calculation of percent PPI. The effects of apomorphine on startle magnitude were complex in both pups and adults, but importantly, they did not appear to parallel in any systematic way the pattern of drug effects on PPI. In SDH pups, apomorphine tended to elevate startle magnitude at the lower doses (0.1 and 0.25 mg/kg) but not at the highest dose (0.5 mg/kg); in WH pups, startle was reduced by the lowest dose of apomorphine (0.1 mg/kg), increased by the middle dose (0.25 mg/kg), and not affected significantly by the highest dose (0.5 mg/kg). Furthermore, these complex dose effects varied somewhat across sex. ANOVA of startle magnitude revealed a significant effect of trial block (F ϭ 7.17; df, 1,43; p Ͻ 0.015), but no other significant main effects, and a significant three-way interaction of apomorphine ϫ block ϫ sex (F ϭ 5.03; df, 3,43; p Ͻ 0.005), but no other significant interactions. This interaction reflected a complex pattern. In male pups, the lowest dose (0.1 mg/kg) of apomorphine reduced startle magnitude in block 2, but not block 3, whereas the middle dose (0.25 mg/kg) of apomorphine increased startle in both blocks, and the highest dose (0.5 mg/kg) had no effect on startle magnitude in either block. In female pups, startle magnitude was increased by the low and middle (but not high) doses of apomorphine in block 2. In block 3, there was a simple linear dose relationship, with maximal increases in startle magnitude at the highest dose of apomorphine. The most immediately relevant implication of these findings is that the effects of apomorphine on startle magnitude followed complex dose-, sex-, and timedependent patterns that were dissociated from the effects of apomorphine on PPI in SDH pups but not in WH pups. In the most obvious example of this dissociation, PPI was maximally disrupted in SDH pups by the highest dose of apomorphine (0.5 mg/kg), which had no significant effect on startle magnitude; in WH pups, the maximal PPI-disruptive effects were observed at the 0.1 mg/kg dose, which also significantly reduced startle magnitude, as noted above.
In adult H rats, ANOVA of apomorphine effects revealed a significant effect of trial block (F ϭ 4.21; df, 1,42; p Ͻ 0.05) but no other significant main or interaction effects. Inspection of the dose-response data revealed a U-shaped pattern of a trend toward decreased startle magnitude at the middle, but not the highest, dose of apomorphine in both strains. Again, these dose effects could not be related in any consistent manner to drug effects on PPI. Effects of SKF 82958 and quinpirole on startle magnitude differed significantly across strains; although SDH rats were relatively insensitive to effects of these drugs on startle magnitude, WH rats exhibited a dose-dependent increase in startle magnitude in response to SKF 82958 (F ϭ 3.15; df, 3,29; p Ͻ 0.04) and a decrease in startle magnitude in response to quinpirole that approached significance (F ϭ 2.59; df, 3,29; p Ͻ 0.075) and was most robust at the middle dose (0.2 mg/kg). In tests with amphetamine (0 -4.0 mg/kg), ANOVA of startle magnitude revealed no significant effects of strain or amphetamine dose or any interactions.
Startle magnitude in SDBK and WBK adults
WBK rats exhibited higher baseline startle magnitude than did SDBK rats, and SDBK rats exhibited a clear dose-dependent increase in startle magnitude in response to apomorphine. ANOVA revealed significant effects of strain (F ϭ 12.49; df, 1,55; p Ͻ 0.001) and apomorphine (F ϭ 3.85; df, 3,55; p Ͻ 0.015) but no significant strain ϫ apomorphine interaction (F ϭ 1.37; df, 3,55; NS). There was a significant effect of trial block and a significant strain ϫ block interaction. Post hoc comparisons revealed significantly higher startle magnitude in WBK versus SDBK rats treated with apomorphine vehicle (F ϭ 12.46; df, 1,14; p Ͻ 0.004), confirming that this effect is independent of apomorphine dose. Apomorphine increased startle magnitude in SDBK rats (F ϭ 6.29; df, 3,28; p Ͻ 0.003; post hoc Tukey comparison of vehicle vs 0.5 mg/kg, p Ͻ 0.05) but not in WBK rats (F ϭ 1.11; df, 3,27; NS). In contrast to the effects of apomorphine, neither the full D1 agonist SKF 82958 nor the selective D2-family agonist quinpirole had significant main or interaction effects on startle magnitude in SDBK rats.
Habituation in SDH and WH pups and adults
Habituation was assessed by changes in startle magnitude between blocks 1 and 4, which were the initial and final trial blocks, and consisted only of five consecutive PULSE trials. Apomorphine reduced startle habituation in SDH but not WH pups. ANOVA revealed significant effects of trial block (initial vs final; F ϭ 63.35), an interaction of strain ϫ trial block (F ϭ 15.83; df, 1,43; p Ͻ 0.0005), and no other significant main or interaction effects. On the basis of the significant interaction, separate ANOVAs in the two strains revealed significant effects of trial block in both SDH (F ϭ 11.89; df, 1,22; p Ͻ 0.003) and WH (F ϭ 52.36) pups. In WH pups, there were no other significant main or interaction effects, whereas in SDH pups, there were significant interactions of trial block ϫ sex and trial block ϫ apomorphine. These interactions reflected less habituation in SDH female versus male pups and a substantial reduction of habituation at all doses of apomorphine. Thus, although mean startle declined ϳ77 units between the initial and final PULSE blocks among SDH pups treated with vehicle, it declined only ϳ12, 2, and 13 units in SDH pups treated with 0.1, 0.25, and 0.5 mg/kg apomorphine, respectively. Sex differences in habituation in SDH pups appeared to reflect primarily the sex differences in startle magnitude during the initial trial block, rather than a failure of response decrement across the session.
In adult H rats, ANOVA revealed a significant effect of strain (F ϭ 12.50; df, 1,42; p Ͻ 0.001) and trial block (F ϭ 55.26), a significant interaction of strain ϫ trial block (F ϭ 10.51; df, 1,42; p Ͻ 0.003), but no other significant interactions. The significant interaction reflected substantially greater startle magnitude in the initial trial block in SDH versus WH rats [mean startle magnitude (SEM) ϭ 825.6 (91.3) vs 449.6 (49.8), respectively]; in the context of such extreme differences in initial startle magnitude, it would be difficult to detect a clear strain difference in reflex habituation per se. Analyses of reflex habituation after treatment with SKF 82958 or quinpirole revealed effects on startle magnitude (noted above) but no significant interactions of strain ϫ trial block. In tests with amphetamine (0 -4.0 mg/kg), ANOVA of startle habituation revealed no significant effects of strain or amphetamine dose or any interactions.
Habituation in SDBK and WBK adults
ANOVA of startle magnitude in the first and last sequence of PULSE trials revealed significant effects of strain (F ϭ 9.73; df, 1,55; p Ͻ 0.003), apomorphine (F ϭ 3.59; df, 3,55; p Ͻ 0.02), and trial block (F ϭ 85.55) but no significant interaction effects. Examination of the data revealed dose-dependent increases in startle magnitude in the final block in SDBK rats and an inverted-U dose-response function in block 1 in WBK rats. In SDBK rats, the selective D2-family agonist quinpirole had no significant effects on startle magnitude in either the initial or final trial block [significant effect of trial block (F ϭ 84.10), but not quinpirole, and no significant quinpirole ϫ block interaction].
NOSTIM activity in SDH and WH pups and adults
Apomorphine increases gross motor activity in adult rats, and in the present study, there was a trend toward this effect in pups, which did not differ across strains. ANOVA of NOSTIM activity revealed a near-significant effect of apomorphine (F ϭ 2.76; df, 3,43; p ϭ 0.054) and no significant effect of strain or sex. There were no other significant main or interaction effects. For both SDH and WH pups, NOSTIM activation followed an inverted-U-shaped dose-response function, with maximal effects at the middle dose (0.25 mg/kg) in SDH pups and the lowest dose (0.1 mg/kg) in WH pups; post hoc comparisons revealed that NOS-TIM activity at these doses was significantly greater than vehicle levels for both SDH (F ϭ 5.17; df, 1,12; p Ͻ 0.05) and WH (F ϭ 8.58; df, 1,10; p Ͻ 0.02) pups. As with apomorphine-induced increases in startle magnitude, apomorphine-induced increases in NOSTIM activity were clearly dissociated by dose sensitivity from apomorphine effects on PPI in SDH pups but not in WH pups. In adults, ANOVA of NOSTIM levels revealed no significant or near-significant effects of any variable (all p values Ͼ 0.22). Although the D1 agonist SKF 82958 produced no significant changes in NOSTIM activity, the D2 agonist quinpirole produced a dose-dependent increase in NOSTIM activity in SDH (F ϭ 5.35; df, 3,30 ; p Ͻ 0.005) but not WH (F Ͻ 1) rats; this strain difference was reflected in a significant dose ϫ strain interaction in the overall ANOVA (F ϭ 4.38; df, 3,59 ; p Ͻ 0.008). In tests with amphetamine (0 -4.0 mg/kg), ANOVA revealed greater levels of NOSTIM activity in WH rats (F ϭ 5.84; df, 1,40 ; p Ͻ 0.025) but no significant effects of amphetamine dose or any interactions.
NOSTIM activity in SDBK and WBK adults
ANOVA of NOSTIM activity in BK rats revealed no significant effects of any variables in studies with apomorphine, quinpirole, or SKF 82958.
DISCUSSION
Differences in drug sensitivity across rat strains and substrains may explain apparent discrepancies in reports of the PPIdisruptive effects of DA agonists. Perhaps more important, these differences may reflect relatively subtle genetic drift, which might be manipulated by pharmacogenetic strategies and ultimately serve as targets for quantitative trait loci (QTL) or other approaches for understanding the genetics of complex phenotypes. Because our previous studies suggested such strain differences in an animal model with face, predictive, and construct validity for deficient sensorimotor gating in schizophrenia (Swerdlow et al., 1994a) , approaches to understanding the genetic basis of this complex phenotype held particular interest. However, speculation of a genetic basis for strain differences in this complex phenotype was tempered by the report of Kinney et al. (1999) , which raised the possibility that the apparent apomorphine-induced disruption of PPI in SD rats is actually an artifact of drug-induced changes in startle reflex magnitude. The present study was designed to clarify this conflicting set of findings and to shed light on the biological basis of this potentially important complex phenotype. The results suggest that there are both strain and supplier differences in the sensitivity to the sensorimotor gating-disruptive effects of DA agonists. Strain (SDH Ͼ WH) differences appear to reflect differences in sensitivity in at least D2, and perhaps D1 and D2, substrates; supplier differences (SDH Ͼ SDBK) appear to reflect differences only in D1 substrates.
The present findings demonstrate that in Harlan-derived rats, SD Ͼ W strain differences in sensitivity to the PPI-disruptive effects of apomorphine are robust, and evident in 18-d-old identically reared SD and W rat pups, and thus must reflect innate physiological differences that exist by this date. This strain difference does not "develop" during adolescence or adulthood, does not reflect environmental influences that might arise from differences in housing or rearing conditions at the supplier facility (because pups were reared on site under identical conditions), and is not dependent on hormonal changes associated with puberty. These data provide a temporal separation between the substrate(s) responsible for this strain difference and those associated with postpubertal changes in DA function implicated in models of the pathophysiology of schizophrenia (Lipska et al., 1995) . Previous reports have identified both the heritability of apomorphine sensitivity in PPI measures (Ellenbroek et al., 1995) and strain differences in the D2 receptor gene locus between SD and W rats (Luedtke et al., 1992) . Because the D2 receptor is an important substrate regulating the PPI-disruptive effects of apomorphine (Swerdlow et al., 1994a) , it would be a strong candidate for mediating the observed SDH versus WH strain differences in PPI. In this study, there were clear strain differences in sensitivity to the sensorimotor gating-disruptive effects of the D2-family agonist quinpirole (SDH rats were sensitive to these effects, whereas WH rats exhibited changes in PPI that fully reflected drug-induced changes in startle magnitude). These strain differences were accompanied by differences in quinpirole effects on startle magnitude (no effect in SDH rats vs depressed startle in WH rats) and gross motor (NOSTIM) activity (increased in SDH rats vs no change in WH rats). Thus, in Harlan-derived rats, the SD strain exhibits unequivocal sensorimotor gating-disruptive effects of D2 agonists, whereas the W strain does not.
Strain differences in the D1 regulation of sensorimotor gating were not as clearly demonstrated in this study, because the PPIdisruptive effects of the full D1 agonist SKF 82958 (evident in SDH but not WH rats) were less clearly distinguished from drug-induced changes in startle magnitude. At most, findings were suggestive of a weak reduction of sensorimotor gating in response to SKF 82958 in SDH rats. Interestingly, the magnitude of the PPI-disruptive effects of the mixed D1 and D2 agonist apomorphine in SDBK rats (Fig. 1C) was completely matched by that of the D2 agonist quinpirole (Fig. 4 A, right) ; it appears that the added D1 activity of apomorphine added little to its PPIdisruptive impact in SDBK rats. In contrast, quinpirole effects on PPI in SDH rats amounted to only approximately one-half of the total impact of apomorphine in these rats; we have reported previously synergistic D1 and D2 interactions in the regulation of PPI in SDH rats (Peng et al., 1990; Wan and Swerdlow, 1993 ). The precise regulation of PPI and startle magnitude by interacting D1 and D2 substrates differs somewhat across laboratories in published reports (Hoffman and Donovan, 1994; Wan et al., 1996b; Meloni and Davis, 1999) , and it is conceivable that some of the inconsistencies across laboratories might reflect subtle differences in this substrate across substrains of rats. For example, although we had not observed startle-potentiating effects of the D1 agonist SKF 82958 previously in SDH rats (Wan et al., 1996b) or such effects in the present study, SKF 82958 clearly potentiated startle in WH rats in the present study, as it has been reported to do by Meloni and Davis (1999) in SD (Charles River) rats. It is not clear how this strain difference may be related to the fact that WH (and SDBK) but not SDH rats exhibited an apparent severe stress-like response after treatment with higher doses of SKF 82958 (hyperarousal and seizure-like activity, occasionally to the point of mortality).
Strain differences among BK rats were evident in baseline levels of PPI (SDBK Ͼ WBK) but not in sensitivity to the PPI-disruptive effects of apomorphine. These strain differences in baseline PPI appeared to be a function of sensitivity to specific stimulus parameters rather than an absolute limitation of PPI in WBK rats, because a modification of stimulus parameters resulted in PPI levels in WBK rats that were comparable with those exhibited by SDBK rats.
The present findings also confirm the differential development of processes mediating basal levels of PPI, versus those responsible for the dopaminergic regulation of PPI. Thus, although basal PPI levels clearly increase across rat development, as reported previously , the ability of apomorphine to cause a dose-dependent disruption of PPI is fully evident by day 18. We reported this developmental course previously for apomorphine effects on PPI and have observed a similar time course for the PPI-disruptive effects of phencyclidine . The ability to detect drug effects on PPI at an early age should facilitate rapid and economical "through-put" in pharmacogenetic studies (Ellenbroek and Cools, 1998; Swerdlow and Geyer, 1998) . The present studies suggest a lack of sex differences in apomorphine sensitivity in rat pups, and thus female pups may also be suitable for such early developmental characterization of a PPI drug sensitivity "phenotype." This is not the case with adult female rats, which exhibit estrous cyclicity in their sensitivity to the PPI-disruptive effects of apomorphine that might complicate a simple assessment of a drug sensitivity phenotype (Koch, 1998) . Rigdon (1990) and others (Varty and Higgins, 1994; Hitchcock et al., 1999) reported differences in sensitivity to the PPIdisruptive effects of apomorphine not only across strains but within strains, across suppliers. The present findings confirm differences in apomorphine sensitivity in this measure among SD rats obtained from H and BK suppliers and, in this manner, may reconcile a large literature of PPI results with the recent report by Kinney et al. (1999) , which demonstrated strain differences in sensitivity to the PPI-disruptive and startle magnitudepotentiating effects of apomorphine in BK-derived rats that were entirely opposite to the findings in Harlan-derived rats reported by our group previously and in the present study. Perhaps more important, Kinney et al. (1999) reported that calculations suggesting an apomorphine disruption of PPI in SDBK rats were misleading, in that they reflected changes in "basic startle amplitude" rather than in sensorimotor gating per se. Without evidence to the contrary, this finding challenged the interpretation of a large body of previous reports of the apomorphine-disruptive effects of PPI in SD rats. The present results provide compelling evidence of the sensitivity of Harlanderived SD rats to the PPI-disruptive effects of apomorphine, which are independent of drug-induced changes in startle magnitude. This sensitivity appears to differ across suppliers, with more SDH than SDBK sensitivity evident in the PPI-disruptive effects of the mixed D1 and D2 agonist apomorphine and the selective D1 agonist SKF 82958 but with comparable sensitivity in SDH and SDBK rats to the PPI-disruptive effects of the selective D2-family agonist quinpirole. Partially confirming the findings of Kinney et al. (1999) , in the present study, the PPIdisruptive effects of apomorphine in SDBK rats could not be easily dissociated from drug-induced changes in startle amplitude, whereas WBK rats more clearly demonstrated an apomorphineinduced reduction in the sensorimotor gating of startle. However, unlike the response to the mixed D1 and D2 agonist apomorphine, SDBK rats responded to quinpirole with a clear disruption of sensorimotor gating, which was independent of drug-induced changes in startle magnitude. The present studies did not specifically test whether SDBK versus WBK strain differences in apomorphine sensitivity reflected differences within a particular DA receptor subtype, but the pattern of response of SDBK rats treated with a selective D2 agonist closely resembled the pattern exhibited by WBK rats in response to the mixed D1 and D2 agonist apomorphine.
Although sensitivity to the PPI-disruptive effects of apomorphine varies with rat strain and supplier, it is extremely stable within strain and supplier. In Ͼ15 reports from our groups since 1988, including Ͼ30 experimental variations and nearly 1000 rats, apomorphine has always resulted in a significant disruption of PPI, with near-total elimination of PPI at subcutaneous doses of ϳ0.5 mg/kg or less (Mansbach et al., 1988; Caine et al., 1991 Caine et al., , 1995 Swerdlow et al., 1991a Swerdlow et al., ,b, 1994a Swerdlow et al., ,b, 1995a Swerdlow et al., , 1996 Swerdlow et al., , 1997 Swerdlow and Geyer, 1993; Lipska et al., 1995; Wan and Swerdlow, 1996; Wan et al., 1996a,b; Kodsi and Swerdlow, 1997; Hart et al., 1998; Geyer et al., 1999; Martinez et al., 2000) . These studies included various stimulus parameters and modalities, and in some cases, near-total disruption of PPI occurred with doses as low as 0.2 mg/kg (Swerdlow et al., 1994a; Caine et al., 1995; . Obviously, such stability is an important feature for the use of behavioral measures as phenotypic markers of gene expression.
Genetic differences in the dopaminergic regulation of sensorimotor gating may create some difficulties in reconciling findings across laboratories and suppliers. Importantly, however, the differences in apomorphine sensitivity of PPI across strains and within strains-across suppliers-may be crucially valuable in identifying the genetic basis for this phenotype. We have determined recently that the F1 PPI/apomorphine phenotype of an SDH ϫ WH cross is that of the parental WH strain; backcrosses of extremes (low and high sensitivity) of F1 to SDH rats are in progress . Interstrain and intrastrain differences in this complex phenotype, particularly among inbred strains, may be suitable candidates for QTL analyses and other genome-mapping strategies to identify candidate genes of relevance to schizophrenia and novel antipsychotic treatment strategies. Thus, the apparent inconsistencies in PPI findings across different populations of rats may prove to be its greatest asset as an investigative tool.
